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ABSTRACT 
A flatworm genus, Alaria spp., is a poorly understood parasite found in an aquatic system 
well suited to study the distribution, effects, and implications of infectious diseases. This 
North American parasite infects multiple hosts, including snails, amphibians, and 
mammals, to complete its life cycle. Using a survey of 67 ponds in Northern California, 
four aspects of Alaria spp. infection in amphibian hosts were studied: (1) natural 
occurrence, (2) effects of host biology, (3) spatial distribution, and (4) environmental 
determinants of occurrence. A thorough review of past reports of Alaria spp. as well as 
analysis involving t-tests, linear models, generalized linear models, and Moran’s I were 
carried out. The present study identifies Anaxyrus boreas, the Western toad, as a novel 
host of Alaria spp. As for frequency, Alaria spp. was only found at 27% of sites and only 
in 25.5% amphibians (range: 5% to 72% hosts per site) and the average abundance across 
hosts was 1.21 parasites per frog (0.02 to 5.33). There was no significant difference in 
Alaria spp. infection between Pseudacris regilla and A. boreas as well as between sexes 
of hosts. Host body size was significantly correlated with Alaria spp. infection. Alaria 
spp. infection in amphibian hosts was randomly spatially distributed in the study system. 
Finally, no variable was significantly correlated for presence of Alaria spp., but vegetated 
surface area, pond surface area, and pH were significant predictors of average Alaria spp. 
abundance. The negative correlation of vegetated surface area and pH with abundance is 
not well supported or understood. Experimental investigation of mechanisms and further 
surveys of Alaria spp. across years and geographical regions are necessary to fully 
understand the ecology of Alaria spp.  
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INTRODUCTION 
Infectious diseases are intrinsically ecological in their nature because they involve 
a pathogen and at least one host. Disease ecology is the study of the interactions between 
hosts, pathogens, and the environment and how these interactions affect disease patterns 
(Learmonth, 1988). This is a growing discipline of ecology and may offer new insight 
into the geographical distribution, environmental effects, and epidemiological 
implications of infectious diseases. Disease causing agents, parasites and pathogens, have 
recently been recognized as a major component of communities and ecological 
mechanisms (Szuroczki and Richardson, 2009; Poulin 1999; Hudson et al. 2006). 
Benefits of studies within this field include large sample sizes of data and, more 
importantly, that hosts are inherently discrete boundaries between scales since a pathogen 
is either inside of a host or not (Hechinger and Lafferty, 2005), meaning diseases are an 
ideal system to study geographical and ecological patterns at different scales.  
Populations of flatworm parasites within the class Trematoda (“trematodes”) and 
their amphibian hosts are a system well suited to study the ecology of infectious disease. 
Since larval trematodes once they infect a host do not reproduce within their amphibian 
host, each individual parasite in a host represents a measurable independent infection 
event (Johnson and Buller, 2011). The ecology of amphibian trematode parasites has 
been used to study the effects of humans on the environment (Rohr et al. 2008; 
McKenzie and Townsend, 2007; Johnson et al. 2011) A flatworm parasite of the genus 
Alaria spp. (‘spp.’ meaning multiple species within the same genus, no common name 
available) is found in amphibian hosts of this aquatic study system (Johnson et al. 1999). 
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An understanding of the ecology of Alaria could serve to study how humans affect the 
environment. There is evidence Alaria acts as a “bioindicator” of ecosystem health (King 
et al. 2010; Belden and Kiesecker, 2005), where levels of Alaria infection can be used as 
a metric of the health of an ecosystem. This is a useful tool for conservation biology only 
after the ecology of Alaria is thoroughly understood. Additionally, Möhl et al. (2009) 
concluded that the ecology of Alaria should be studied further because of its high 
potential pathogenicity (death) and its occurrence in wild game meat sold in market. 
Unless otherwise specified “Alaria” will designate the multiple species within “Alaria.” 
See Panel 1 for a picture of larval Alaria. 
Questions Addressed in the Present Study 
This study used a literature review and observational field data analysis of a multi-host 
parasite, Alaria, to address the following questions: 
1) How common is Alaria infection among ponds and within amphibian hosts from 
California?  
2) How do patterns of Alaria infection vary with host biology, including species, 
sex, and body size? 
3) What is the spatial distribution of Alaria infection in amphibian hosts in 
California? 
4) What are the environmental variables correlated with Alaria infection in 
amphibian hosts and are the majority of these environmental variables local or 
regional in ecological scale or a combination of both scales? 
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Parasite In Question: Alaria  
A flatworm parasite of the genus Alaria is commonly found in lentic aquatic 
environments (ponds and lakes) across North America, South America, and Europe 
(Möhl et al. 2009). Eight species of Alaria have been identified in North America: (1) 
Alaria americana, (2) A. arisaemoides, (3) A. canis, (4) A. intermedia, (5) A. marcianae, 
(6) A. mustelae, (7) A. nasuae, and (8) A. orgeonensis (Hall and Wigdor, 1918; Augustine 
and Uribe, 1927; Olivier and Odlaug, 1938; LaRue and Fallis, 1934; LaRue, 1917; 
Bosma, 1931; LaRue and Townsend, 1932; LaRue and Barone, 1932). Species 
differentiation of Alaria is highly dependent on morphological characteristics (size and 
position of organs) of adult parasites (Riehn et al. 2010). However, Dubois (1970) 
considered A. americana, A. canis, A. marcianae, and A. mustelae to be synonyms 
because of their similar ecology (similar hosts and geographic region). Therefore, due to 
this taxonomic controversy regarding the species level distinction of Alaria mesocercaria 
found in hosts across North America, precise identification of Alaria species was not 
possible in this study. There have been no previous molecular studies using DNA 
evidence to confirm the speciation of Alaria.  
Background on Alaria Life Cycle and Distribution 
Similar to other flatworm parasites, Alaria has a complex life cycle that involves 
three to four distinct hosts at discrete stages (Olsen, 1974), see Panel 2 for a visual 
representation of the life cycle of Alaria. The adult worms live in the intestines of a 
carnivorous host and shed eggs via feces of its host into a lentic water source. The eggs 
hatch into miracidia, a short-lived free-swimming stage of the flatworm, and seek out a 
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new host, a freshwater snail from the genus Helisoma (Shoop and Corkum, 1983). After 
migrating to the reproductive organs of the snail, each miracidium matures into asexually 
reproducing worm-like sporocysts that produce and release cercariae, the tailed, worm-
like free-living stage, subsequently released into the water (Pearson, 1956). The cercariae 
seek out and infect a third host, usually an amphibian tadpole (Johnson, 1979). Inside the 
larval amphibian, the cercariae develop into tailless mesocercariae that freely move about 
the host muscle tissue. Mesocercariae are an additional, sexually immature larval stage 
with an enlarged cercarial body (0.5µm – 1µm) and a more complex excretory system 
(Hofer and Johnson, 1970); see Panel 1 for an image of an Alaria mesocercaria.  When 
the infected amphibian is eaten by a definitive host, the host in which a parasite sexually 
reproduces, the mesocercariae mature into adult worms in the lungs and then migrate to 
the intestinal tract of the definitive host and produce eggs (Shoop and Corkum, 1981). 
Definitive hosts are commonly large carnivorous mammals such as coyotes or badgers 
(Möhl et al. 2009) If the amphibian is not eaten by a definitive host, but is instead 
ingested by a paratenic host (a host that does not experience pathology from infection and 
inside which a parasite does not mature) the parasite remains dormant (Olsen, 1986). 
Paratenic hosts, including small mammals, reptiles, and birds (Bosma, 1934; Cort, 1918; 
Johnson, 1968) can accumulate many mesocercariae, aiding in the transmission to a 
definitive host, and once a paratenic host is consumed by a definitive host, the life cycle 
is completed (Johnson, 1968).  
Alaria species are distinguished by morphological differences, so there is overlap 
of hosts among Alaria species. A list of all hosts involved in the Alaria life cycle can be 
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found in Table 1. There are four snail first intermediate species that have been found to 
host Alaria: (1) Helisoma trivolvis, (2) H. campanulatum, (3) H. corpelentum, and (4) 
Planorbula armigera (Johnson, 1968; Johnson, 1979). Eleven amphibian second 
intermediate host species have been found to host Alaria within frogs and toads (Shoop 
and Corkum, 1981;Pearson, 1956). Paratenic hosts depend on the species, and are 
commonly reptiles (snakes) and small carnivorous mammals (Bosma, 1934; Pearson, 
1956; Johnson, 1979) with one record of a duck paratenic host, and chickens having been 
experimentally infected with Alaria (Pearson, 1956). Small and large carnivorous 
mammals ranging from canids (foxes, coyotes, and wolves) to mustelids (badgers, 
skunks, and minks) and even domestic dogs and cats, are the definitive hosts (Davidson 
et al. 1992; Swales, 1933; Swanson and Erickson, 1946; Foster et al. 2007; Allen and 
Mills, 1971; Burrows and Lillis, 1965). Interestingly, Alaria was also found in a 
mountain lion in Paraguay (Fischthal and Martin, 1977). There is apparent overlap among 
paratenic and definitive hosts for Alaria species and even within species of Alaria, in that 
the age of a host can determine whether the host is definitive or paratenic. In 1983, Shoop 
and Corkum discovered that a paratenic host could trigger vertical transmission (from 
mother to offspring), via blood circulation or through breast milk, where mesocercariae in 
pregnant feline hosts have litters born with adult parasites, which lead to the coining of 
the term “amphiparatenic host.”   
There are only a few past surveys of Alaria prevalence, as the number of hosts 
infected with at least one Alaria divided by the total number of host specimens per site 
(Bush et al. 1997), across the country (see Table 2). Surveys of paratenic and second 
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intermediate hosts are variable, with prevalence ranging from 5% to 100% (Shoop and 
Corkum, 1981; Goldberg et al. 1998), while prevalence is generally low in definitive 
hosts (Seesee, 1983; Hall and Wigdor, 1918; Smith, 1978).  
Background on Alaria Pathology 
 Alaria is notably pathogenic when the larvae are transmitted to a host not 
normally found in its life cycle. Adult worms show no pathogenicity in their natural 
definitive hosts, but there have been three cases of human infection of Alaria in North 
America (Möhl et al. 2009). Humans contract the pathogen by ingesting uncooked meat 
that contains the larval worms (Beaver et al. 1977) or by handling the infected meat and 
then touching the eye (McDonald et al. 1994). One of these cases was fatal caused by 
asphyxiation due to extensive pulmonary hemorrhage from thousands of Alaria 
americana flukes in the lungs (Freedman et al. 1976). This zoonotic disease (a disease 
originating in an animal and then infecting humans) has been largely ignored by the US 
agriculture industry because of its low occurrence, but there is plenty of evidence that 
Alaria larvae are present in game meat (opossums and alligator) sold at markets (Shoop 
& Corkum, 1981). Additionally, Alaria is pathogenic when it infects domesticated 
mammals, such as dogs (Dyer et al. 1997), but there has been little record of any 
pathogenicity of Alaria to date. In second intermediate hosts, the mesocercariae cause no 
notable damage to the amphibian host (Johnson, 1979), presumable since a complex 
multi-host life cycle involves a selective pressure for the parasite to inhabit particular 
intermediate hosts to increase its chance to be eaten by a definitive host to allow 
maturation and sexual reproduction. 
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Local vs. Regional Determinants of Alaria Infection 
A major question in ecology is whether local or regional variables structure 
ecological communities. This is a matter of spatial scale. Scale is flexible and is loosely 
defined for many ecology studies (He et al. 2005), ranging from the intracellular level to 
the biosphere (Earth). Even local and regional levels of scale are not discretely defined 
(He et al. 2005); however, ‘regional’ scale generally includes biogeographical, historical 
and evolutionary variables (Ricklefs, 2004), whereas ‘local’ scale includes the physical 
and biological aspects of the immediate environment (Currie et al. 2004), including 
resource availability and intraspecies competition. An ecological community is a 
combination of populations, or large groups, of many different organisms of different 
taxa. Currently, there is no agreement whether local or regional variables structure 
ecological communities. 
Many community ecologists have embraced a more regional approach to their field 
(Ricklefs, 1987). However, three separate schools of thought can be identified as 
claiming that (i) only local scale variables structure communities (Brooker et al. 2009), 
(ii) only regional scale variables, such as the distribution of species in space through time, 
structure communities, especially for highly dispersive species such as migratory animals 
(Beaudrot and Marshall 2010), and (iii) that a combination of both scales structure 
communities (He et al. 2005; Ricklef, 2006; Cottenie, 2005). The first view postulates 
that regional scale variables have little effect on community ecology because local 
population interactions (i.e. competition, predation and parasitism) reach equilibrium 
after ten generations, which is considered a short interval of evolutionary time (Ricklefs, 
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1989). The second view claims that communities do not have discrete boundaries, 
meaning there is no “local” level variables, and thus only regional variables influence 
species coexisting locally in space, such as a community (Whittaker, 1967; Case et al. 
2005). The third view stipulates that both local and regional variables structure 
communities, which stems from MacArthur and Wilson’s (1967) equilibrium theory of 
island biogeography. In this latter study, species richness, the number of different species 
in an area, was influenced both by the size of a small habitat and the distance it is 
separated from a larger habitat (MacArthur and Wilson, 1967). This field of ecology 
remains an important area of study and has received attention from a review by 16 
prominent authors commissioned by the National Science Foundation to identify key 
gaps in ecology and issued a call for more empirical testing of community ecology theory 
(Agrawal et al. 2007).  
Although many ecological variables can affect the complex life cycle of Alaria, there 
is only one previous study on the ecology of Alaria. This latter study reported that the 
presence of definitive host at sites with the necessary Helisoma sp. snail host is 
influenced by the amount of forest in the surrounding habitat (Koprivnikar et al. 2006), a 
regional variable. Forested habitat near a site provides a suitable habitat, and promotes 
the dispersal of, infected definitive hosts, which are more commonly found in forested 
habitats away from human development (Kuehl and Clark, 2002).  Variables that measure 
metapopulation structure (the collection of partially isolated breeding habitat sites 
connected by occasionally dispersing individuals) also account for the dispersal of 
infected definitive hosts (Levins, 1969; Levins, 1970). For the definitive hosts of Alaria, 
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(i) distance to nearest suitable site and (ii) overall site density of a study area are 
measurements of metapopulation structure, with sites closer and more clustered together 
having a higher probability of being visited by an infected definitive host than sites 
farther apart and more dispersed (Hess, 1996; Horák and Kolářová, 2011).  
Local-level physical variables can influence trematodes as well. Eutrophication, 
or excess nitrogen and phosphorus, in ponds increases trematode transmission because 
eutrophication can (i) increase snail host growth, which when infected, a snail host 
directs its growth to the organs occupied by the parasite (Chase, 2003) and (ii) promotes 
algal growth, which increases the food available for snails to reproduce and increasing 
the density of infected snail hosts (Johnson et al. 2007). In contrast, a decrease in pH 
correlates with a decrease in trematodes infection (Soldánová et al. 2010). Although 
Koprivnikar et al. (2010) concluded that this relationship has not been thoroughly 
studied, lower pH has detrimental effects on cercariae survival (Shostak, 1993), while at 
the same time lowering amphibian host immune response (Brodkin et al. 2003).  
In addition to physical parameters, local biological variables can have an effect on 
trematode transmission. These local biological variables include intermediate host 
species, where the increased diversity and presence of less susceptible hosts (non-
competent hosts) reduce infection in ideal hosts   (Keesing et al. 2006; Johnson et al. 
2008).  Additionally, an increase in snail density can increase overall density of infected 
snails in ponds, which would increase parasite infection because it results in a higher 
density of cercariae at each site, increasing the opportunities for intermediate hosts 
infection (Lafferty and Holt, 2003; Pacala and Dobson, 1988). Other local variables can 
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also act as attractors for definitive hosts, such as the abundance of vegetation around a 
site providing cover for visitation, which would increase the likelihood of an infected 
definitive host to visit a site and defecate (Smith, 2001). Alaria is a parasite whose 
patterns of infection in amphibian hosts can support or reveal relationships between host 
biology, spatial distribution, and environmental determinants that have been developed 
using other parasites.  
Hypotheses and Predictions 
The following section lays out the hypotheses and predictions of the four study 
questions based on previous literature. 
Question One: Frequency of Alaria in California 
  California was chosen because the present study uses data previously collected for 
a project monitoring parasite communities in this region. Only one previous report of 
Alaria in second intermediate amphibian hosts is available (Johnson et al. 1999).  The 
large range of Alaria prevalence in amphibian hosts and the non-recent nature of these 
surveys make it difficult to predict the frequency of the parasite in amphibians localized 
in California. However, within the same study system, Johnson et al. (2002) found that 
another flatworm parasite, Ribeiroia ondatrae, is both highly prevalent across sites (47% 
R. ondatrae at sites with A. boreas and 55% R. ondatrae at sites with P. regilla) and 
highly abundant across sites (10.2 parasites in A. boreas and 19 parasites in P. regilla) in 
California. Therefore, if Alaria is similarly prevalent and abundant as R. ondatrae, then 
Alaria can also be considered to be highly prevalent and abundant in California. 
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Question Two: Host biology and Alaria infection 
Different host species are typically susceptible to a given pathogen at different 
magnitudes (Blaustein et al. 2005). Pseudacris regilla and Anaxyrus boreas vary in their 
susceptibility to Alaria because of their different biological traits, with A. boreas 
exhibiting lower infection than P. regilla. Anaxyrus boreas has a shorter development 
time as a tadpole (30-45 days) than P. regilla (1-2 months) (Wright and Wright, 1949; 
Nussbaum et al. 1983), meaning that A. boreas tadpoles spend less time in the ponds, 
which decreases the number of opportunities for Alaria cercariae to infect A. boreas. 
Additionally, A. boreas tadpoles school together in ponds, which increases their density 
and decreases the chance of an individual tadpole getting infected by cercariae (Lillywhit 
and Wassersug, 1974). Anaxyrus boreas tadpoles also contain a mild toxin in their skin 
that makes them unpalatable for vertebrate predators (Kruse and Stone, 1984). There may 
be selection pressure for Alaria against seeking out and infecting A. boreas tadpole, 
because a mesocercaria in A. boreas may not be passed on to a definitive hosts as 
frequently as a mesocercaria in another amphibian host.  
 As for the effect of host sex on parasite infection, an exploratory study by 
Hamann et al. (2006) in Argentinian adult amphibians found no significant relationship 
between host sex and flatworm parasite infection. The same effect will be true in this 
study since no study has directly looked at the effects of host sex of juvenile amphibians 
and trematode infection. Amphibian host body size is an important correlate of overall 
parasite infection (Bolek and Coggins, 2003). The larger surface area of the host 
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increases the chance of infection because the larger host is a larger target for a parasite to 
randomly encounter. The same relationship should be found in this present study.  
Question Three: Spatial Distribution of Alaria 
The distribution of Alaria infection across the landscape should be spatially 
clustered (sites with Alaria will be closer together than expected by chance). Koprinikar 
et al. (2006) proposed that Alaria prevalence was correlated with forest cover because of 
definitive host habitat suitability. If a site is more attractive to infected definitive hosts 
and if nearby sites have these similar attractors, then Alaria will be spatially clustered.  
Question Four: Environmental correlates with Alaria infection  
This study examined the effect of local versus regional-scale processes (either 
separately, in conjunction, or neither) on the ecology of Alaria measured by its presence 
and average abundance in its amphibian intermediate hosts. Presence is defined as 
whether or not a parasite was detected at a site and average abundance is defined as the 
mean number of parasites in all hosts per site. 
The three hypotheses of the fourth study question are: (i) local variables have the 
highest effect on the ecology of Alaria, (ii) regional variables have the highest effect on 
the ecology of Alaria, and (iii) local and regional variables have an equal effect on the 
ecology of Alaria The local variables include: (i) Helisoma density and amphibian 
richness, (ii) water chemistry including pH and total nitrogen, (iii) vegetation around a 
site. Larger, regional-scale variables include: (i) distance to nearest suitable site, (ii) site 
density, and (iii) nearby forested definitive host habitat. Finally, since there are variables 
accounting for the definitive host across both local and regional scales (percentage of 
Buller 15 
nearby definitive host habitat and site level definitive host attractors), all variables and 
their effect on the ecology of Alaria are examined in combination. A breakdown of all 
three hypotheses (in addition to the null hypothesis) of the fourth study question can be 
found in Table 6. 
In a 2005 review by Cottenie, both regional and local scale processes were found 
to influence the majority of the 158 different habitats spanning a broad range of taxa, 
spatial scales, body sizes and dispersal mechanisms. Similarly, local and regional scale 
variables have been found to determine parasite communities in amphibians 
(Schotthoefer et al. 2011). Because of the complexity of the trematode life cycle, regional 
and local scale processes may affect infection unequally at different stages, so both scales 
will have an equal effect on the net infection. Therefore, Alaria presence and average 
abundance in its amphibian hosts should be affected by local and regional variables 
together more significantly than with these variables separated. Within model three (see 
Table 6), the most significant variables for presence will be regional and local definitive 
host attractors in order to bring an infected host to a site. As for average abundance, the 
most significant variables will be a regional definitive host attractor and the local level 
intermediate host density variable, one ensuring the parasite is present but the other 
affecting the amount of parasites at sites to infect amphibian hosts.    
METHODS 
Collection of Survey 
A total of 67 ponds in the oak chaparral region across three counties (Santa Clara, 
Alameda, and Contra Costa) in the San Francisco Bay Area of California, were surveyed 
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in 2009 for trematode infections in amphibians. Ponds were selected within parks 
accessible from land-owning agencies and were smaller than 2 hectares (ha) and had 
Helisoma trivolvis (the first intermediate host of Alaria) present.  Ponds were sampled 
between 26 June and 5 August 2009. See Panel 3 for a map of all 67 sites and Panel 4 for 
a picture of two sites from the study. 
Information was collected on both abiotic and biotic local characteristics of each 
site. As a biotic variable, the density of H. trivolvis was assessed using dipnet sweeps (a 
net that is dragged vertically through the water for 1 m) and seine hauls (a net that is 
dragged horizontally through the water for 1 m). As abiotic variables, two water quality 
measurements, pH and nitrogen, were assessed.  A YSI probe (Ben Meadows, Janesville, 
WI) was used to measure pH and nitrogen samples were sent to collaborators at the 
Kiowa lab at the University of Colorado at Boulder for analysis. The percentage of the 
water surface that was vegetated, as a proxy for habitat of H. trivolvis, was calculated 
from perimeter measurements. At least eight amphibian secondary hosts were collected 
from each site to assess Alaria infections. The collected specimens were of the two most 
common amphibians in the region, Pseudacris regilla (Pacific tree frog) and Anaxyrus 
boreas (Western toad). 
Along with local variables, three regional variables were collected: (i) pond 
density, defined as the number of neighboring ponds within 1 km, (ii) distance to the 
nearest H. trivolvis positive site, representing dispersal distances, and (iii) percentage 
forest within a 1-km buffer of each site using ArcGIS 10 (the software program to access 
the spatial database), representing suitable habitat for definitive hosts. Pond density was 
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calculated using the number of ponds in a 6 km radius accounting for Alaria definitive 
host dispersal range (Hawthorne, 1971) and then averaged for 1 km. 
Laboratorial Procedures 
After field collection, amphibian specimens were necropsied in a laboratory at the 
University of Colorado at Boulder after using a buffered solution of MS-222 anesthetic 
that follows Institutional Animal Care and Use Committee (IACUC) protocols. 
Amphibian parasite infection intensity, which included Alaria, was quantified following 
standard procedures (see below). Intensity is defined as the maximum number of 
individuals infected with a particular parasite (Bush et al. 1997).  These procedures 
included inspection of outer and inner surface of the skin and all the internal organs of 
amphibians for parasite infection. Species, length, sex, stages, and any malformations of 
each amphibian specimen were also recorded. The Alaria mesocercaria were found alive 
and were commonly located under the skin, in the muscles, and within the body cavity of 
amphibian hosts. The mobility and caterpillar-like movement behavior distinguished 
Alaria mesocercaria from other macroparasites in specimens and by identifying the 
distinct forked digestive tract. Identification was confirmed using a light-compound 
microscope and fixing Alaria with distilled water onto a glass slide and glass coverslip. 
Data were added to a multiyear (>ten years) database, although the scope of the present 
paper is a single year (2009). 
Statistical Analysis 
Statistical analyses were conducted using R version 2.14.1 (R Development Core 
Team 2010), because of the low cost to obtain a license. The abundance averaged within 
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a site and the presence of Alaria from the 2009 field and dissection data from the 
multiyear database was used for analyses. 
Analysis for Question Two: Host Biology and Alaria 
A Student’s Paired t-test was used to compare the difference in infection among: 
(1) the two amphibian hosts Pseudacris regilla and Anaxyrus boreas and (2) the 
difference in infection among the sex of amphibian hosts. The t-test for hosts was one-
tailed (A. boreas is hypothesized to have a lower infection than P. regilla) and that for 
sex was two-tailed (no sex is hypothesized to be significantly different from the other). 
Additionally, a simple linear regression, modeling the relationship between an response 
variable (infection) and independent variable (host size), was used to analyze the 
relationship between snout-vent length (“SVL”), the length of an amphibian measured 
from the end of the nose to the anus, and Alaria infection. Additionally, at Alaria-positive 
sites for both host species summary statistics were calculated including: (1) prevalence of 
infection or number of hosts infected with at least one Alaria mesocercaria divided by the 
total number of specimens per site (Bush et al. 1997), (2) mean abundance, and (3) range 
of infection intensity. 
Analysis for Question Three: Spatial Distribution of Alaria 
Spatial autocorrelation, clustering of Alaria across the study area, was calculated 
for average abundance and presence using a Global Moran’s I test, a measure of overall 
autocorrelation for all sites, and a Local Moran’s I test, a measure of autocorrelation 
broken down to individual sites to analyze which sites may be clustering together. This 
metric was developed by Moran (1950) and is widely used for spatial analysis (Li et al. 
Buller 19 
2007). If the global score is insignificant (p>0.05), then there is no one area in the study 
system where average Alaria abundance is occurring more than normally expected. The 
local score is a rundown of each site to see if there are individual sites clustering together. 
If not one site is significantly clustered (p>0.05), then there is no one site where average 
Alaria abundance is occurring more than normally expected. 
Analysis for Question Four: Environmental Determinants of Alaria 
All necessary transformations, adjusting the data to fit a more normal distribution 
to allow for later model analysis, were taken and variables were tested for collinearity. 
Total Nitrogen, pond surface area, Helisoma trivolvis density, and distance to nearest H. 
trivolvis positive site were subjugated to natural logarithm transformation (multiply all 
values by the natural logarithm, log) and percent vegetation to archesin (take the inverse 
sin of the square root of the values) transformation to normalize these variables for later 
analysis. Average Alaria abundance to logarithm transformation. Amphibian species 
richness (the number of species at a site) and pond surface area were positively correlated 
with a coefficient of 0.300 and after linear regression analysis the relationship was 
significant (p=0.0136, R2= 0.076). Species richness increases as the area of a site 
increases because a larger site can support more niches (opportunities to co-exist) for a 
higher diversity of species to fill, a widely studied relationship known as the “species 
area curve” (Preston, 1962). Since pond surface area can therefore act as a proxy for host 
species richness, amphibian richness was omitted from further analysis. Other variables 
(percentage forest buffer and percent-vegetated surface area, and pond density and 
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distance to nearest H. trivolvis positive site) that exhibited correlations with each other 
were not omitted. See Figure 1 for the correlogram of the observational variables.  
The three hypotheses of which environmental variables determine Alaria 
infection were tested using Generalized Linear Models (GLMs). These models are 
flexible generalization of linear regression linking the response variable (Alaria average 
abundance or presence) to an expected probability distribution (i.e. normal or binomial) 
using a maximum likelihood estimation, which predicts parameters for the models from 
the expected probability distribution (Nelder and Wedderburn, 1972). The four models 
are (i) “local” parameters (pH, nitrogen, pond surface area, snail density, and percent 
vegetated surface water), “regional” parameters (distance to nearest pond, percentage 
forest within 1-km buffer, and pond density), “global” (local and regional combined) 
parameters, and an “intercept” (a “null” model fitting the response variable exactly to a 
probability distribution instead of observed variables). A breakdown of the four models 
can be found in Table 6. The four models were compared using the corrected (for the 
number of predictors in the model) Akaike’s information criterion (AICc), a measure of 
goodness-of-fit of models to a response variable and allows for the comparison between 
models different amount of variables where models with the lowest AICc score and the 
highest AIC weight (Burnham and Anderson, 2002). Regression coefficients, standard 
errors and p-values were calculated for all variables within models with ΔAIC ≤ 2.0. The 
models were evaluated for both average abundance and presence for Alaria with the 
models for average abundance fitted to a normal distribution (because of the continuous 
nature of average abundance) with a “logarithm link” (to use the log transformed 
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abundance data) and the models for presence fitted to a binomial logistical regression 
(because of the two outcomes of a site being either positive or negative for Alaria) 
Within each model, significance of specific variables was calculated using GLMs in 
order to discern the major driver of the models. Finally, because the analysis included 
variables measured at multiple spatial extents, the residuals (deviations from the 
theoretical probability distribution) were tested for autocorrelation using a Global 
Moran’s I test, to detect clustering of variables across the study area to check the 
appropriateness of non-spatial GLMs for the modeling analysis.  
RESULTS 
Question One: Frequency of Alaria in California  
Of the 1,349 amphibians samples from 67 examined sites, 120 specimens were 
infected with Alaria mesocercaria. For the 18 sites where Alaria was detected in the 
amphibian specimens, average abundance across all sites was 1.21 mesocercariae per 
host, with a range of 0.02 to 5.33 (Table 2). At the 18 positive sites, 120 specimens were 
infected with Alaria out of 471 total collected specimens, corresponding to a prevalence 
of about 25.5%, with a range of 5% to 72% (Table 2).  
Question Two: Host Biology and Alaria  
Anaxyrus boreas and Pseudacris regilla were present at seven positive sites 
(Table 2) Average Alaria abundance was similar for the two amphibian host species 
(Table 3). Average Alaria abundance was also similar for the sexes of host species (Table 
4). However, the size of an amphibian host was significantly positively correlated with 
average Alaria abundance (Table 5 and Figure 3).  
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Results for Study Question Three: Spatial Distribution of Alaria  
Neither average abundance nor presence of Alaria was spatially auto-correlated, 
i.e. all areas in the study system had similar levels Alaria. Average abundance of Alaria 
had a Global Moran’s I score of p=1.000 and a Local Moran’s I score range of p=0.412 to 
0.999. Presence of Alaria had a Global Moran’s I score of p=0.7068 and a Local Moran’s 
I score range of p=0.272 to p=0.950. None of the eight models and eight independent 
variables were significantly spatially auto-correlated (lowest p-value for Global Moran’s 
I was p=0.351), meaning using non-spatial GLM analysis was appropriate for this study.  
Results for Study Question Four: Environmental Determinants of Alaria 
 For presence of Alaria the local model was the best fitting model of the four 
models however, the local model was not significant, but the “intercept”, or null, model 
was significant (Table 7). There was no significant variable within the best fitting model 
of Alaria presence. For average abundance of Alaria the local model was the best fitting 
model of the four models (Table 8). There were three significant variables within the best 
fitting model of Alaria average abundance: (1) percent-vegetated surface area 
(p=0.0075), (2) pond surface area (p=0.0324), and (3) pH (p=0.0262). See Table 8 for the 
full summary of the model selection for average abundance of Alaria. When each 
variable is analyzed separately with average Alaria abundance neither variable is 
significant (see Table 9 and Figures 4-6). Figure 7 are the pH levels of study sites. 
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DISCUSSION 
Of the two amphibian host species of Alaria considered in this study, Anaxyrus 
boreas is a novel host discovery for Alaria spp. The ecology of Alaria is currently poorly 
understood. The study of amphibian trematode ecology has been used to assess the effect 
of humans on the environment and the implications of these effects (Rohr et al. 2008; 
McKenzie and Townsend, 2007; Johnson et al. 2011). For instance, since Ribeiroia 
ondatrae and Schistosoma spp., a trematode that causes a debilitating disease in over 200 
million humans (Steinmann et al. 2006), both use snails as intermediate hosts. Johnson et 
al. (2007) proposed if Schistosoma spp. responded to eutrophication similarly to R. 
ondatrae then Schistosoma spp. infection will rise because of the increasing use of 
fertilizers for agriculture in developing nations. Similarly, the ecology of Alaria may 
provide further insights into anthropogenic effects. Using data collected in three counties 
in the San Francisco Bay area of California in 2009, the present study explored four 
different aspects of the ecology of Alaria including: (1) its frequency in California, (2) 
the effect of host biology on infection, (3) its spatial distribution, and (4) possible 
ecological determinants.!
 Comparing Alaria prevalence and abundance to a similar and co-occurring 
trematode species, Ribeiroia ondatrae, it appears Alaria does not occur frequently in 
California. Alaria may occur less frequently than R. ondatrae because of the difference in 
definitive host genera. Definitive hosts of R. ondatrae are commonly birds such as blue 
herons (Johnson et al. 2004), with a large home range size of up to 30 km (Short and 
Cooper, 1985). The major definitive hosts of Alaria in this area are coyotes, which have a 
Buller 24 
6 km home range (Hawthorne, 1971). The definitive hosts of R. ondatrae can thus 
disperse their parasite farther than definitive hosts of Alaria. Once a definitive host of R. 
ondatrae defecates parasite eggs into an uninfected pond, R. ondatrae can infect 
Helisoma snails before definitive hosts of Alaria visit a site. One Helisoma snail host 
cannot commonly be co-infected by more than one trematode parasite (Kuris and 
Lafferty, 1994). Once R. ondatrae has established itself, there are fewer suitable hosts for 
miracidia of Alaria to infect, decreasing the number of snails producing Alaria cercaria 
thus decreasing the chance an amphibian host will be infected by Alaria.  
Due to the differences in biology between P. regilla and A. boreas, it is surprising 
that A. boreas had a similar infection as P. regilla. From the literature, it was expected 
that A. boreas would be less prone to infection. Tadpoles that are more active tend to 
have a lower parasite infection, likely due to increased parasite avoidance and escape 
behavior (Daly and Johnson 2011; Koprivinkar et al. 2011). Pseudacris regilla hide and 
remain stationary in the presence of predators (Kupferberg, 1998), thereby increasing 
their chance of parasite infection. This finding of the present study is thus inconsistent 
with the latter previous findings. However, the low frequency of Alaria in California 
resulted in only seven Alaria positive sites with both host species present. This small 
sample size may be the reason for the present results. Additional studies are needed to 
resolve this apparent inconsistency.  
The absence of a difference between amphibian host sex and Alaria infection was 
as expected. The only previous study to compare the pattern of parasite infection and 
amphibian host sex also found no difference (Hamann et al. 2006). The direct mechanism 
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behind this pattern is not well understood. There is no notable difference in behavior or 
biology of tadpoles of different sex of these two species because these differences only 
become apparent once the amphibians sexually mature as adults (Lanoo, 2005). So if 
there is no difference between the sexes of an amphibian host during the stage where they 
are at risk of infection by Alaria (tadpole and juvenile), then there should not be a 
difference in infection between the sexes of a host. 
The body size of an amphibian host was positively correlated with Alaria 
infection. The weak correlation is likely due to the specimens that were not infected with 
Alaria at Alaria-positive sites. However, this result is the intrinsic nature of “abundance” 
and not “intensity,” which does not include the non-infected individuals. A positive 
correlation between host body size and parasite infection has been observed in other 
amphibian trematode systems (Hamann and Kehr, 1999), and may be due to the larger 
surface area of the host that increases the chance of cercarial encounter and infection. 
 Alaria presence and average abundance were not spatially auto-correlated, 
meaning there all areas in the study system had similar levels of Alaria. From the results 
obtained in the present study Alaria infection in amphibians appears to be randomly 
distributed across sites in California. This was not expected since Koprinikar et al. (2006) 
found Alaria prevalence to be correlated with forest cover due to forest providing the 
preferred habitat of definitive hosts. If a site is more attractive to infected definitive hosts 
(with the caveat that nearby sites have similar attractors), then Alaria should be spatially 
clustered. However, none of eight independent variables were significantly spatially auto-
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correlated, so nearby sites did not have similar characteristics, and thus the sites did not 
attract definitive hosts equally.  
Additionally, Alaria spp. is a genus with various definitive hosts differently 
affected by the environment. It is difficult to disentangle specific variables that attract 
definitive hosts for specific definitive hosts and analyze their effect on Alaria infection in 
amphibians. For example, forest buffer may be attractive for definitive hosts that do not 
favor areas close to human development (Kuehl and Clark, 2002), but this may not be 
true for all definitive host species. There also may be another variable that was not 
measured, but that attracts definitive hosts. Additionally, as many of these hosts are 
highly dispersed and homologous across the landscape (coyotes and foxes), there may be 
no specific “attractor” that determines whether a definitive hosts visits a site, but rather 
how long they stay which may translate to abundance levels of parasites in the pond. 
Ponds that keep definitive hosts longer at a site would increase the probability of fecal 
transfer of eggs to a pond that may increase level of snail infection explaining a higher 
infection level in amphibians.  
 The present study cannot fully support any model as a predictor of Alaria 
presence because of the close result between the two models (local and null) and the 
small sample size of 18 positive sites. However, since there was no significant variable in 
the local model and because the overall null “intercept” model was significant the 
presence of Alaria may be determined by some other key variables that were not 
measured. 
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The present study can support that local processes may influence average Alaria 
spp. abundance more than regional variables. After a definitive host visits a site and 
deposits eggs, it is the local environment and its associated variables that influence snail 
and amphibian infection the most.  The local environment can act as a filter or buffer of 
regional variables (Brooker et al. 2007) so the effect of these regional variables are 
amplified or lessened by the local environment. For example, variables that control 
abundance of Alaria infection in amphibians may depend on local level variables because 
an infected definitive host needs to only visit a site once. However, the amount of snails 
infected and how many cercariae they release are dependent on the variables at the local 
pond level. 
 Local variables that were significantly predictive of average Alaria abundance 
were vegetated surface area, pond surface area, and pH. The positive correlation between 
pond surface area and average Alaria abundance is due to the well-studied effect of 
increased potential habitat. As habitat area increases there is more habitat available for 
hosts (Halpern et al. 2005), and thus the site has a larger carrying capacity. Carrying 
capacity is defined as the maximum population size of a species that the environment can 
sustain. Larger, less fragmented habitats have been found to reduce the chance a host 
species becomes locally extinct at a site when it becomes infected with a pathogen 
(McCallum and Dobson, 2002). This allows more infected individual hosts to persist at a 
site, which would increase the average abundance of a pathogen at a site 
 The negative correlation between vegetated surface area and average Alaria 
abundance is not well understood. Both amphibian host species in the present study are 
Buller 28 
commonly found in vegetated habitat as both tadpoles and adults (Lanoo, 2005) due to 
the increased shelter from predators or location of food resources. A higher prevalence of 
vegetated areas should increase infection because the vegetation would incentivize 
amphibians to remain at a site longer, increasing their chance of infection by cercariae. 
However, the present study found the opposite relationship. Vegetation is a more 
complex environment than no vegetation and may offer protection for tadpoles from 
cercaria, thus avoiding high infection. This could be because tadpoles can escape or avoid 
cercariae better or because the cercariae are less successful at finding tadpoles in a 
complex, vegetated habitat.  Experimental studies are required to confirm these 
mechanisms.  
 The overall relationship between pH and trematode infection is not well 
understood (Koprivnikar et al. 2010). However, one study found that lower pH has a 
slight detrimental effect on cercariae survival (Shostak, 1993), meaning there are less 
viable cercariae in an acidic pond to infect amphibians. In contrast, the present study 
found a negative correlation between pH and average Alaria abundance. No study site 
were acidic to confirm the effect of acidity on trematode infection, but not having acidic 
ponds in this study may have illuminated the general effect of pH on trematode infection. 
Cercariae may be sensitive to any pH other that neutral (irrespective of whether acidic or 
basic). Therefore, the negative correlation found in this study may still apply for Alaria. 
Again, experimental studies are necessary to assess the full effect of pH and trematode 
infection in amphibian hosts. 
 
Buller 29 
Overall Improvements, Future Directions, and Implications 
The main approach needed to improve the present study is to assess additional 
environmental variables and their effect on the ecology of Alaria. Pond surface area can 
increase and decrease parasite infection in amphibians because it affects host richness and 
overall carrying capacity (Preston, 1962; Keesing et al. 2006; Halpern et al. 2005). 
Therefore, in order to decouple these confounding relationships within this one variable, 
future studies should assess  the effect of these variables separately on Alaria infection. 
Additionally, another environmental variable that effects trematode infection is pond 
hydroperiod, or the permanence of a body of water in a yearly cycle (Kiesecker and 
Skelly, 2001). If a pond in this study system dries up during the summer, the density of 
Alaria cercariae in the water increases, amplifying infection in amphibians. Future 
studies should assess the effect of hydroperiod on Alaria infection. 
 In order to further assess Alaria ecology, future studies should assess which 
environmental determinants correlate with Alaria infection not just in amphibian hosts, 
but also in the snail first intermediate host and mammal definitive hosts. The latter 
metrics are difficult to obtain due to the elusive nature of definitive hosts and to 
governmental regulations that limit collection. However, if specific species Alaria can be 
identified in future studies, then better proxies for the effect of definitive hosts on Alaria 
infection may be available. Knowing exactly what definitive hosts are involved in the 
study system, based on which exact species of Alaria is present and incorporating the 
variables that account for the specific definitive host ecology in future studies, should 
lead to a better understanding of the ecology of Alaria. Snail infection data are readily 
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available. The snail infection data were omitted from this study because they were 
unreliable in 2009, where complications with the identification of Alaria in snails from 
the study sites were encountered. A follow-up study will assess the ecology of Alaria 
using the same study system in 2010, incorporate snail infection data, and consider 
interannual (year-to-year) variation of Alaria infection. 
Future studies should be aware of the seasonality of Alaria infection in snails and 
amphibians. Trematode infection is seasonal and peaks at certain times during the year, 
mainly in summer months (Kuris and Lafferty, 1994). One study found that Alaria 
infection peaked in amphibians in September (King et al. 2008). Since specimens in the 
present study were not collected during this time of the year, future studies should 
involve collection of data during these later summer weeks to potentially have a higher 
detection in amphibian hosts. This may result in a large sample size to assess the ecology 
and effect of host biology on Alaria. 
The methods of this study can be used to examine the ecology of Alaria in 
different locations outside of California. Another follow-up study will observe the 
difference between regions of Alaria infection by comparing Alaria infection in this 
Californian system to regions across North America including the Midwestern United 
States and New England. These two other areas have thorough host records for Alaria 
and may have better proxies for definitive host variables to incorporate in the study. 
 Once the ecology of Alaria is well studied, Alaria can be used (in addition to 
other trematode parasites) to study (i) how humans affect the environment and (ii) the 
epidemiology of other, more pathogenic trematode parasites. Discovering potential 
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similarities among trematode parasite ecology, followed up by experimental validation of 
the mechanisms, should be able to inform ecosystem conservation, especially if a variable 
greatly influenced by anthropogenic change increases infection by more than one parasite 
species. Understanding the ecological determinants of parasite distribution within hosts 
and space will provide a better grasp of the influence parasites on ecosystem dynamics 
and an enhance assessment of wildlife disease risk. 
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Panel 1: Photo of Alaria mesocercarium under a light-compound microscope (x100) 
 
 
 
 
 
 
 
 
 
 
 
 
Panel 2: The general life cycle of the genus Alaria. Steps 1 through 5 signify a complete 
three-stage life cycle involving only three hosts, which is commonly found in other 
aquatic trematodes and can be true for Alaria. In step (1), the parasite is sexually mature 
in the definitive host digestion tract and produces eggs that are deposited through feces 
into water. In step (2), the eggs hatch into miracidia, a free-swimming worm stage that 
seeks out and infects a snail host. In step (3), a miracidium migrates to the reproductive 
glands of a snail, castrates the host, and asexually produces sporocysts, a stage which 
asexually reproduces cercariae. In step (4), cercariae, another free-swimming worm stage, 
are released into the water and infect an amphibian host. In step (5), the cercariae have 
matured into mesocercariae, a non-reproductively mature larval worm, and wait for the 
amphibian host to be eaten by a definitive host, thus completing the life cycle. Steps A 
through C involve an additional path to the life cycle of Alaria. In step (A), a paratenic 
host consumes an amphibian host and collects a high density of mesocercariae. In step 
(B), different paratenic hosts can consume each other. In step (C), the paratenic host is 
either eaten by a definitive host thus completing the cycle or the mesocercariae can be 
passed from a pregnant mother to offspring through blood or breast milk.  
 
 1 
2 
3 
4 
5 
A 
B 
C 
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Panel 3: Map of 67 ponds in the oak chaparral region across three counties (Santa Clara, 
Alameda, and Contra Costa) in the San Francisco Bay Area of California surveyed in 
2009 for trematode infections in amphibians. White squares signify sites where Alaria 
was found in sampled amphibian hosts. Blue squares signify sites without Alaria 
detection in sampled amphibian hosts. 
 
 
 
 
Panel 4: Pictures of two different sites from the study. This demonstrates the visually 
apparent variety of sites. 
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Table 1: Hosts involved in the life cycle of North American species of Alaria spp. The location of host report, prevalence of infection in hosts 
and pathology was included only if recorded by the study. Numbers fiven as superscripts for each host species corresponds to the reference for 
each case listed. References: [1] Smith, 1978 [2] Davidson et al. 1992 [3] Hall and Wigdor, 1918 [4] Freeman et al. 1976 [5] Kramer et al. 1996 
[6] MacDonald et al. 1994 [7] Pearson, 1956 [8] Johnson, 1970 [9] Beaver et al. 1977 [10] Wirsing et al. 2007 [11] Augustine and Uribe, 1927 
[12] Dyer et al. 1997 [13] Allen and Mills, 1971 [14] Goldberg et al. 2001 [15] Burrows and Lillis, 1965 [16] LaRue and Fallis, 1936 [17] 
Swales, 1933 [18] Odlaug, 1940 [19] Johnson, 1968 [20] Shoop and Corkum, 1981 [21] LaRue, 1917 [22] Pence et al. 1988 [23] Fischthal and 
Martin 1977 [24] Foster et al. 2009  [25] Pence et al. 2003 [26] Goldberg et al. 1998 [27] Seesee, 1983 [28] Johnson, 1979 [29] Johnson et al. 
1999 [30] Bosma, 1934 [31] Dick and Leonard, 1979 [32] Foster et al. 2007 [33] Poole et al. 1983 [34] LaRue and Barone, 1932 [35] Swanson 
and Erikson, 1946 [36] Hoberg et al. 1990 [37] LaRue and Townsend, 1932  
Alaria americana 
 
Life Cycle Stage Species Common Name Location  Prevalence Pathology 
Definitive hosts Vulpes fulva1 Red fox 
New Brunswick and Nova 
Scotia, Canada 15 of 61  -- 
 
 Vulpes fulva2 Red fox Ohio to South Carolina 2 of 44  -- 
 Canis latrans2 Coyote Ohio to South Carolina 5 of 13  -- 
 Canis familiaris3 Domestic dog Detroit, Michigan 4 of 300  -- 
Accidental hosts 
Homo sapiens 
sapiens4 Human Ontario, Canada  -- 
Death by asphyxiation 
from extensive 
pulmonary 
hemorrhage 
 
Homo sapiens 
sapiens5 Human Manitoba, Canada  -- 
Intermittent hives and 
bronchospasms 
 
Homo sapiens 
sapiens6 Human San Francisco, California  -- Decreased vision 
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Alaria arisaemoides 
Life Cycle Stage Species Common Name Location  Prevalence Pathology 
Second intermediate 
hosts Bufo americanus7 American toad Canada  --  -- 
 Rana sylvatica7 Wood frog Canada  -- --  
 Rana pipiens Northern leopard frog 
Canada7, Minnesota8, and 
South Dakota8  --  -- 
Paratenic hosts Avians     
 Gallus gallus7 Chicken Canada --  -- 
 Mammals     
 Mus musculus7  House mouse Canada -- -- 
 
Peromyscus 
maniculatus7  Deer mouse Canada -- -- 
Definitive hosts Vulpes fulva2 Red fox Ohio to South Carolina 5 of 44 -- 
 Vulpes fulva1 Red fox 
New Brunswick and Nova 
Scotia 1 of 61 -- 
 Vulpes fulva10 Red fox 
Weyburn, Saskatchewan, 
Canada 1 of 39 --  
 Vulpes fulva11 Red fox Massachusetts -- -- 
 Canis familiaris12 Domestic dog Fargo, North Dakota -- Malnutrition 
 Canis familiaris13 Domestic dog Saskatchewan, Canada 
236 of 
3370  -- 
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Alaria canis 
Life Cycle Stage Species Common Name Location  Prevalence Pathology 
Second intermediate 
hosts Bufo americanus7 American toad Canada -- -- 
 Rana sylvatica7 Wood frog Canada -- -- 
 
 Rana pipiens7 Northern leopard frog Canada -- -- 
 Pseudacis nigrita7 Southern chorus frog Canada -- -- 
Paratenic hosts Avians       
 Gallus gallus7 Chicken Canada -- -- 
 Mammals     
 Anas boschas7 Domestic duck Canada -- --  
 Mus musculus7 House mouse Canada -- -- 
 
Peromyscus 
maniculatus7 Deer mouse Canada -- -- 
 Mustela putorius7 European polecat Canada -- -- 
 Lutra canadensis7 
North American river 
otter Canada -- -- 
 Felis domestica15 Domestic cat New Jersey -- -- 
 Canis familiaris16 Domestic dog Cartier, Ontario, Canada --  -- 
Definitive hosts Canis Iycaon17 Eastern wolf Ontario, Canada -- -- 
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Alaria intermedia 
Life Cycle Stage Species Common Name Location  Prevalence Pathology 
Second intermediate 
host Rana pipiens18 Northern leopard frog New Jersey  -- Kidney Tumors 
Paratenic host Thamnophis sirtalis18 Common garter snake Douglas Lake, Michigan  -- --  
 
 
 
Alaria marcianae          (Synonym: A. minnesotae) 
Life Cycle Stage Species Common Name Location  Prevalence Pathology 
First intermediate 
hosts Helisoma trivolvis19 Ramshorn snails Minnesota 19 of 30  Castration 
 
Helisoma 
campanulatum19 Ramshorn snails Minnesota 7 of 7  Castration 
 
Helisoma 
corpulentum19 Ramshorn snails Minnesota 5 of 7 
 Castration 
 
Second intermediate 
host Hyla chrysoscelis20 Cope's grey tree frog Head of Island, Louisiana 10 of 30 -- 
 Hyla cinerea20 American green tree frog Head of Island, Louisiana 16 of 25 -- 
 Rana catesbeiana20 American bullfrog Head of Island, Louisiana 15 of 15 -- 
 Rana clamitans20 Green frog Head of Island, Louisiana 25 of 30 -- 
 Rana utricularia20 Southern leopard frog Head of Island, Louisiana 3 of 4 -- 
 
Gastrophryne 
carolinensis20 
Eastern narrowmouth 
toad Louisiana  -- -- 
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 Bufo woodhousei20 Woodhouse’s toad Louisiana  -- -- 
 Acris crepitans20 Northern cricket frog Louisiana  -- -- 
 Rana pipiens8 Northern leopard frog 
Minnesota and South 
Dakota -- -- 
Paratenic hosts Reptiles     
 
Agkistrodon 
piscivorus20 Florida cottonmouth Head of Island, Louisiana 25 of 25 -- 
 Coluber constrictor20 Southern black racer Head of Island, Louisiana 2 of 2 -- 
 
Lampropeltis 
getulus20 Eastern kingsnake Head of Island, Louisiana 3 of 3 -- 
 Nerodia cyclopion20 Green water snake  Head of Island, Louisiana 4 of 5 -- 
 
Nerodia 
erythrogaster20 Plain-bellied water snake Head of Island, Louisiana 4 of 4 -- 
 Nerodia fasciata20 Southern water snake Head of Island, Louisiana 10 of 10 -- 
 
Thamnophis 
proximus20 Western ribbon snake Head of Island, Louisiana 11 of 15 -- 
 Anolis carolinensis20 Carolina anole Louisiana  -- -- 
 
Alligator 
mississipiensis20 American alligator Louisiana --  -- 
 Thamnophis sirtalis21 Common garter snake -- --  -- 
 Mammals     
 Didelphis virginiana20 Virginia opossum Head of Island, Louisiana 6 of 10 -- 
 Procyon lotor20 Common raccoon Head of Island, Louisiana 3 of 5  -- 
 Canis latrans22 Coyote Webb County, Texas 5 of 5 -- 
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 Felis concolor23 Mountain lion Rio Verde, Paraguay  -- -- 
 
Puma concolor 
couguar24 Florida panther 
Florida Panther National 
Wildlife Refuge, Collier 
County, Florida  3 of 3 -- 
 Leopardus pardalis25 Ocelot 
Lower Rio Grande Valley, 
Texas 4 of 15 -- 
Definitive hosts Felis domestica20 Domestic cat Minnesota 3 of 6 -- 
 Mephitis mephitis20 Striped skunk Minnesota 5 of 10 -- 
 Spilogale putorius20 Spotted skunk Minnesota 1 of 2 -- 
  Vulpes fulva20 Red fox Minnesota 1 of 10 -- 
 
Urocyon 
cinereoargenteu20 Grey fox Minnesota 2 of 2  -- 
 Canis latrans22 Coyote Webb County, Texas 1 of 7 -- 
 Canis latrans27 Coyote Montana 12 of 219 -- 
Alaria mustelae             (Synonym: Alaria. taxideae and Alaria canadensis) 
Life Cycle Stage Species Common Name Location  Prevalence Pathology 
First intermediate 
host 
Planorbula 
armigera28 Ramshorn snails Minnesota 4 of 24   -- 
Second intermediate 
hosts Pseudacris regilla29 Pacific tree frog 
Santa Clara County, 
California  --  -- 
 Rana pipiens28 Northern leopard frog Minnesota 31 of 31  Encysted after 50 days 
 Rana clamitans30 Green frog Ann Arbor, Michigan  --  -- 
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 Rana catesbeiana30 American bullfrog Ann Arbor, Michigan  --  -- 
Paratenic hosts Martes pennanti31 Fisher Manitoba, Canada 2 of 162 -- 
 Neovison vison32 American mink 
Fakahatchee Strand 
Preserve State Park, Collier 
County, Florida 3 of 5 -- 
 Martes americana33 American marten Manitoba, Canada  -- -- 
 
Peromyscus leucopus 
noveboracensis30 
Northern white-footed 
mouse Ann Arbor, Michigan  -- -- 
 Mustela vison30 American mink Ann Arbor, Michigan  -- -- 
 Procyon lotor30 Common raccoon Ann Arbor, Michigan  -- -- 
Definitive hosts Vulpes fulva1 Red fox 
New Brunswick and Nova 
Scotia 2 of 61 -- 
 Mustela erminea31 Short-tailed weasel 
Southern Cascade Range, 
Washington 1 of 22 -- 
 Mustela erminea28,35 Short-tailed weasel Minnesota -- -- 
 Taxidea taxus28,35 American badger Minnesota -- -- 
 Procyon lotor28,35 Common raccoon Minnesota -- -- 
 Mustela vison28,35 American mink Minnesota -- -- 
 Spilogale putorius28,35 Eastern spotted skunk Minnesota -- -- 
 Canis familiaris30 Domestic dog Ann Arbor, Michigan -- -- 
 Felis familiaris30 Domestic cat Ann Arbor, Michigan -- -- 
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Alaria nasuae 
Life Cycle Stage Species Common Name Location  Prevalence Pathology 
Definitive host  Nasua narica37 White-nosed coati  -- -- -- 
Alaria oregonensis 
Life Cycle Stage Species Common Name Location  Prevalence Pathology 
Definitive host Canis latrans lestes34 Mountain coyote Redmond, Oregon  -- -- 
Alaria spp. 
Life Cycle Stage Species Common Name Location Prevalence Pathology 
Second intermediate 
hosts Rana catesbeiana26 American bullfrog Arizona 1 of 25  -- 
 Rana pipiens14 Northern leopard frog 
Barnes County, North 
Dakota 11 of 20  -- 
 Rana pipiens14 Northern leopard frog 
Sargent County, North 
Dakota 4 of 20  -- 
 Rana pipiens14 Northern leopard frog 
Beadle County, South 
Dakota 3 of 20  -- 
 Rana pipiens14 Northern leopard frog 
Brown County, South 
Dakota 6 of 31  -- 
 Rana pipiens14 Northern leopard frog Hand County, South Dakota 16 of 23  -- 
Accidental host 
Homo sapiens 
sapiens9 Human Louisiana --  
Intradermal swelling 
in upper thigh 
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Table 2: Prevalence, mean abundance, and range of intensities of Alaria found in 120 specimens 
of Pseudacris regilla and Anaxyrus boreas at 18 of 67 positive sights from three counties in the 
oak chaparral region of California, USA. 
 
 
Table 3: Summary of the paired t-test of secondary host species and Alaria abundance 
 
 
 
 
 
 
Table 4: Summary of the paired t-test of host sex and Alaria abundance 
 
Male Female 
p-value 
Average Alaria 
abundance (±1 SD) Range 
Average Alaria 
abundance (±1 SD) Range 
0.1059 0.64 (0.71) 0 to 2.3 1.34 (2.00) 0 to 7 
 
 
Table 5: Summary of the linear regression of SVL and Alaria abundance 
p-value Coefficient Standard error t-value R2 
2.00E-16 0.091 0.008 10.46 0.1829 
 
Pseudacris regilla (n=80) Anaxyrus boreas (n=40) 
Site 
Number 
Prevalence 
(%) 
Mean Abundance 
(±1 SD) 
Range of 
intensities 
Prevalence 
(%) 
Mean Abundance 
(±1 SD) 
Range of 
intensities 
1 30.8 0.77 (1.48) 1 – 5 
   2 20 0.70 (1.49) 3 - 4 19.2 0.33 (0.78) 1 - 3 
3 27.3 1      (1.95) 2 - 6 
   4 8.3 0.17 (0.58) 2 
   5 7.1 0.21 (0.80) 3 
   6 2.8 0.47 (2.83) 17 0 0 0 
7 30.8 1.39 (2.49) 2 - 7 
   8 7.7 0.15 (0.56) 2 
   9 10.0 0.10 (0.32) 1 
   10 0 0 0 11.1 0.11 (0.33) 1 
11 33.3 0.89 (1.61) 1 - 6 
   12 8.3 0.33 (1.16) 4 
   13 38.9 1.69 (3.89) 1 - 20 65.6 9.44 (15.4) 1 - 64 
14 4.8 0.05 (0.22) 1 0 0 0 
15 45.8 2      (3.05) 1 - 12 9.7 0.10 (0.30) 1 
16 50.0 4.88 (11.8) 1 - 34 
   17 9.1 1.27 (4.22) 14 
   18 72.7 2.67 (2.98) 1 - 8 71.4 3.71 (4.55) 1 - 17 
 
Pseudacris regilla 
 
Anaxyrus boreas 
p-value 
Average Alaria 
abundance (±1 SD) Range 
Average Alaria 
abundance (±1 SD) Range 
0.1400 2.18 (3.35) 0 to 9.4 0.85 (1.40) 0 to 3.7 
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Table 6: The four candidate models developed to predict the two Alaria response variables, 
presence and average abundance.  The third model listed is the global model, which includes all 
possible independent variables, while the forth model represents the null model, which includes 
none of the possible independent variables. A ‘1’ indicates that a given predictor was included in 
the model.  No interaction terms were included in the analysis. 
 
 
Table 7: The ranked models used to predict presence of Alaria Descriptive diagnostics the 
number of parameters (k), the Akaike Information Criterion adjusted for small sample sizes 
(AICC), the difference between a given model’s AICC value and the lowest AICC value (Δ AICC), 
and the Akaike weight of the model (wi).  For complete descriptions of each model, see Table 6. 
Model Name k AICc Δ AICc wi 
1 Local 6 79.12 0 0.59 
4 Intercept 1 80.04 0.92 0.37 
3 Global 9 85.61 6.49 0.02 
2 Regional 4 85.91 6.79 0.02 
 
 
Table 8: The ranked models used to predict average Alaria abundance. Descriptive diagnostics 
the number of parameters (k), the Akaike Information Criterion adjusted for small sample sizes 
(AICC), the difference between a given model’s AICC value and the lowest AICC value (Δ AICC), 
and the Akaike weight of the model (wi).  For complete descriptions of each model, see Table 6. 
Model Name k AICc Δ AICc wi 
1 Local 7 50.32 0 1 
2 Dispersal 5 71.89 21.58 0 
4 Intercept 2 72.05 21.74 0 
3 Global 10 81.99 31.68 0 
 
 
Table 9: Summary of the linear regression of the separate significant variables within the local 
model for average Alaria abundance 
Variable Coefficient Standard error t-value p-value R2 
Vegetated Surface Area (%) -0.1007 0.0991 -1.017 0.4436 0.00196 
pH -0.1481 0.1016 0.1645 0.1645 0.062 
Pond Surface Area (m2) 0.122 0.1561 -0.708 0.3245 -0.023 
 
 
Model Name Biotic Variables Abiotic Variables 
  Helisoma 
density 
Vegetated 
surface area 
Forest 
buffer 
pH Total 
nitrogen 
Pond 
area 
Distance to 
nearest pond 
Pond 
density 
1 Local  1 1 0 1 1 1 0 0 
2 Regional 0 0 1 0 0 0 1 1 
3 Global 1 1 1 1 1 1 1 1 
4 Intercept 0 0 0 0 0 0 0 0 
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Figure 1: Correlogram of observed variables. Darker shades of color and larger portions of 
shaded pie diagrams signify higher correlation between two variables. Blue are negative 
correlations and red are positive correlations.  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Comparison of Logarithm Transformed and non-Transformed Average Alaria 
Abundance 
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Figure 3: The linear regression of amphibian host body size and Alaria abundance. See table 5 
for summary statistics. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: The linear regression of pH and average Alaria abundance. See Table 9 for summary 
statistics. 
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Figure 5: The linear regression of vegetated surface area and average Alaria abundance. See 
table 9 for summary statistics. Vegetated surface area is archsine transformed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: The linear regression of pond surface area and average Alaria abundance. See table 9 
for summary statistics. The pond surfae area is on a logarithm scale. 
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Figure 7: The comparison of pH between Alaria positive sites (n=18) and Alaria negative sights 
(n=49).  
 
 
 
 
